We present analyses of the anode region in a Hall thruster. In the case when the existence of an anode sheath is essential the ion backflow region (presheath) is considered. Ion acceleration in the near anode region occurs in a two-dimensional manner in order to satisfy the requirement for two presheaths: one near the anode and one near the lateral wall (dielectric). It is shown that the length of the anode presheath is affected significantly by the magnetic field and the mass flow rate. It is concluded that the sonic transition in the Hall thruster should have a two-dimensional structure.
I. Introduction
A plasma thruster with closed electron drift or so-called Hall thruster is currently one of the most advanced and efficient types of electrostatic propulsion devices. The Hall thruster produces much higher thrust density than other types of stationary ion thrusters. This advantage comes from the fact that acceleration takes place in a quasi-neutral plasma and thus is not limited by space charge effects. State of the art Hall thrusters have an efficiency of about 50% with specific impulses in the range of 1000 s -3000 s. 1, 2, 3 The electrical discharge in the Hall thruster has a cross-field (E×B) configuration where the external magnetic field is radial and perpendicular to the axial electric field, which accelerates the ions. The electron current passing across the magnetic field leads to an electron closed drift or Hall drift. Generally, two different types of Hall thruster were developed: a thruster with closed electron drift and extended acceleration zone, or Stationary Plasma Thruster (SPT), and a thruster with short acceleration channel or Thruster with Anode Layer (TAL). In this paper we will consider the first type of thruster, namely SPT, which employs a dielectric channel that plays an important role in the discharge.
It was recognized that in a SPT, the interaction of the plasma with the dielectric wall plays an important role. The whole idea of introducing the dielectric wall into the discharge chamber was in order to actively affect plasma parameters. Due to the collisions of the electrons with the wall and secondary electron emission, the electron temperature remains relatively low in comparison to the TAL. As a result, the ion acceleration occurs over a more extended region. 4 Despite many theoretical efforts, the complicated picture of the physical processes in the Hall thruster channel are far from being completely understood. Mainly the physics of the plasma interaction with a dielectric wall and the anode, as well as transition between the quasi-neutral plasma and the sheath have not been investigated in detail. However, experimental efforts in this direction are on the way.
For instance it was found that the dielectric material substantially affects the discharge behavior in the Hall thruster 5 . More recently it was found that use of sectioned electrodes inside the Hall thruster channel with different secondary electron emission properties have a considerable effect on the discharge characteristics as well as on thruster performance 6 . These findings suggest that the effect of the plasma interaction with a dielectric wall is an important issue in Hall thrusters.
The transition plasma-wall region determines the particle and energy fluxes from the plasma to the wall. Recently we presented a model of plasma wall transition that accounts for secondary electron emission 7 . In order to develop a self-consistent model, the boundary parameters at the sheath edge (ion velocity and electric field) are obtained from a two-dimensional plasma bulk model. In the considered condition, i.e. ion temperature much smaller than that of electrons and significant ion acceleration in the axial direction, the presheath scale length becomes comparable to the channel width so that the plasma channel becomes an effective presheath. Additionally it was shown that a modified Bohm criteria is more appropriate for describing the plasma wall interaction. It was
shown that a plasma-sheath matching approach proposed previously can be used. 8 In this approach, the electric field that develops in the presheath can serve as a boundary condition for the sheath. At the same time the model predicts that the quasi-neutrality assumption at the presheath edge is still valid.
Our previous model 7 considers mainly the acceleration channel after the sonic transition, since we expected the main effect of the dielectric wall (i.e. secondary electron emission) to lie in this region. However, sonic transition for the ion flow has an important role 9 . It is therefore important to consider the diffuse region from the anode to the sonic transition plane. In the usual situation, the electron thermal current in the near anode sheath is larger than the discharge current and therefore a negative anode sheath is present. As a result, there is a requirement for ion flow to the anode. Ion velocity at the anode sheath edge should satisfy sheath criteria. This condition was used as a boundary condition for the plasma flow problem in the Hall thruster channel. 10 It should be noted that there is a possibility of solution of the Hall thruster flow without anode sheath as was suggested recently. 11 Considering the first case, i.e. solution with anode sheath, we should not that the problem of the near anode presheath was not addressed in detail. To fill this gap, in the present paper we present 2D parametric analyses of the near anode region.
II. Plasma-wall transition
It was shown (Ref. The smooth transition between sheath and presheath is considered in the present work following the methodology developed previously by Beilis and Keidar. 8 If the velocity at the sheath edge differs slightly from the Bohm velocity, the electric field becomes a continuous function. It was
shown that a monotonic solution for the sheath problem could be obtained when the ion velocity at the sheath edge is smaller than the Bohm velocity 8, 12, 13 . In this case, the electric field becomes a continuous function increasing from a small non-zero value at the sheath edge up to a maximum value at the wall as shown schematically in Fig. 1 . The solution criterion in that case is the minimal velocity at the presheath-sheath interface that results in a continuous solution for the potential distribution in the sheath 8 . Previously we applied this approach to the plasma-wall interaction in Hall thruster. It was shown that the ion velocity at the presheath edge increases with axial distance from about 0.7Cs up to Cs. This boundary velocity depends also on the secondary electron emission coefficient as shown in Fig. 2 . 
Upper graph. The radial component of the plasma velocity at the plasma-sheath interface (normalized by the Bohm velocity) along the centerline with the secondary electron emission coefficient s as a parameter. The negative velocity corresponds to the inner wall of the channel (r=R 1 ) and the positive velocity corresponds to the outer wall of the channel (r=R 2 ) Lower graph. Assessment of the quasi-neutrality condition along the channel length
It is appropriate to consider the applicability of this approach. It was pointed out in Ref. 7 that when the velocity is small at the presheath edge, the electric field approaches to the value of calculations for typical Hall thruster conditions show that electric field is usually much smaller than this limited value. One can argue that when the electric field approaches such a large value, the quasi-neutrality conditions explicitly assumed in the presheath equations may break down and therefore solution may be inaccurate. In order to check the validity of our approach under Hall thruster conditions, we calculate the deviation from quasi-neutrality and plot these results in Fig. 2 (lower graph). One can see that in the entire channel, the deviation from quasi-neutrality is lower than 0.005, which can be considered negligible. Therefore, the approach that accounts for a nonzero electric field E o at the presheath-sheath interface in combination with the plasma velocity at that interface V o can be used for plasma-wall transition analyses in the Hall thruster.
III. The model of near anode plasma region
The anode presheath model is based on the assumption that the quasi-neutral region length (i.e.
channel width R 2 -R 1 , see Fig. 3 ) is much larger than the Debye radius and therefore we will assume that Z i n i =n e =n, where Z i is the ion mean charge, n i is the ion density and n e is the electron density.
For simplicity only single charge ions are considered in this paper (Z i = 1). We will consider the plasma flow in an annular channel as shown in Fig. 3 . A magnetic field with only a radial component, B r = B, is imposed. Cylindrical coordinates will be used, as shown in Fig. 3 , with angle , radius r, and axial distance from the anode z, respectively. The plasma flow starts in the near anode region and has lateral boundaries near the dielectric wall. The plasma presheath-sheath interface is considered to be the lateral boundary for the plasma flow region. A plasma will be considered with 'magnetized' electrons and 'unmagnetized' ions, i.e. e <<L<< i , where e and i are the Larmor radii for the electrons and ions respectively, and L is the channel length. We employ a hydrodynamic model assuming: (i) the system reaches a steady state, and (ii) the electron component is not inertial, i.e. (V e )•V e =0. (4) where n is the plasma density, is the ionization rate, E is the axial component of the electric field, m is the frequency of electron collisions. To simplify the problem, without missing the major physical effects, we consider one-dimensional flow of the neutrals. Previous analyses 7 showed that the electron temperature is fairly uniform in the near anode region. Therefore we assume here that In this model, the electron flow will be considered separately along and across magnetic field lines.
Due to the configuration of the magnetic field (i.e. only the radial magnetic field component is considered), the electron transport is greater in the azimuthal direction (E×B drift) than in the axial direction (drift diffusion due to collisions). According to Eq. 4, the electron transport equation .
In the present work we will however consider only the classical mechanisms. The reason for this is that the magnetic field is relatively small near the anode and thus one does not expect
Bohm type of transport associated with turbulence. Electron temperature is rather low in this region and thus electron-wall interaction is not expected to be significant. Additionally, recent estimations of the Hall parameter from experimental data show that this seems to be the case in the near anode (11) where n a is the neutral density, ea is the collision cross section dependent on the electron energy 
IV. Results
In this section we present some results of calculation of the plasma flow in the near anode presheath. As a first approximation we assume that the electron temperature, the neutral density and the neutral velocity are constant in the near anode region. This assumption is based on our previous calculations. 7 Presented results correspond to T e =5 eV. When it is not specified, the calculations correspond to a mass flow rate of 4.5 mg/s, a magnetic field of 10 -3 T and an initial density of 0.03 (normalized by the neutral density). The numerical analysis is similar to that developed previously 17 .
The calculation of the plasma density in the near anode region is shown in Fig. 4 . One can see that the plasma density in the near anode region is non-uniform. There is a strong gradient that develops toward the dielectric wall. Plasma density decreases toward the anode.
The velocity distribution (vector field) in the near anode presheath is shown in Fig. 5 . It is clear from this figure that the anode presheath is essentially two-dimensional with ions accelerated toward the anode and toward the lateral dielectric wall. Only a narrow region along the channel centerline has a clear 1D structure of ions being accelerated toward the anode. When the magnetic field increases, the spatial extent of the anode presheath region decreases as shown in Fig. 5b . The corresponding potential distribution is shown in Fig. 6 . It can be seen that a much stronger electric field develops in the axial direction in the high magnetic field case. This is not surprising since the magnetic field plays a significant role in anode presheath formation. Essentially, the anode presheath can be called a magnetic presheath similar to one described previously 18, 19 . The dependence of the anode presheath thickness and potential distribution on the mass flow rate is shown in Fig. 9 . It can be seen that anode presheath thickness initially increases with mass flow rate, reaches a maximum and then decreases. The reason for this is that at low flow rate (and therefore low neutral density) the magnetic presheath mechanism is realized and additional collision with neutrals decreases ion acceleration. In the high mass flow rate range, the presheath is rather collision-dominated and therefore neutral density increase leads to ion acceleration and as a result the presheath thickness decreases. 
V. Concluding remarks
In this paper, analyses of the anode region in the Hall thruster were presented. In the case when anode sheath existence is essential, the ion backflow region (presheath) was considered. It was shown that the anode presheath region has a 2D structure because two presheaths exist: one near the anode and one near the dielectric wall. Complex ion flow in the near anode region occurs in order to satisfy these requirements. It was shown that the length of the anode presheath is affected significantly by the magnetic field strength and the mass flow rate. It was concluded that the sonic transition in the Hall thruster may have a 2D structure.
